Introduction {#S0001}
============

According to the 2018 Global Cancer Statistics report, colon cancer has become the third most common cancer worldwide.^[1](#CIT0001)^ Furthermore, the mortality of colon cancer has risen and is the second highest.^[1](#CIT0001)^ In China, the incidence and mortality of colon cancer have exhibited sustained growth over recent decades.^[2](#CIT0002),[3](#CIT0003)^ Although improvements in screening programs and treatment patterns have been made, the five-year survival rate of colon cancer patients with distant metastases is only 10%.^[4](#CIT0004)^ For these patients, the standard treatment is surgical resection combined with radiotherapy or chemotherapy.^[5](#CIT0005),[6](#CIT0006)^ However, the risk of recurrence and resistance to radiotherapy or chemotherapy results in poor clinical outcomes.^[7](#CIT0007),[8](#CIT0008)^ New therapeutic methods have been proposed for colon cancer treatment, such as targeted therapy and immunotherapy.^[9](#CIT0009)^ Cancer immunotherapy, including active immunotherapy, passive immunotherapy, and immune checkpoint blockade, has become a new cancer treatment research direction and received significant attention.^[10](#CIT0010),[11](#CIT0011)^ While much is known about the roles of natural killer (NK) cells and chimeric antigen receptor (CAR)--T cells in cancer immunotherapy,^[12](#CIT0012),[13](#CIT0013)^ the role of gamma delta (γδ) T cells in colon cancer remains the least understood.

γδ T cells constitute approximately 5% of all circulating T cell populations and play a crucial role in innate and adaptive immune surveillance.^[14](#CIT0014),[15](#CIT0015)^ Vγ9Vδ2 (Vδ2) T cells, the predominant human peripheral blood γδT cell subset (50-90%),^[16](#CIT0016)^ possess a high antitumor capability because they are without MHC-restricted antigen recognition and can produce abundant inflammatory cytokines, such as IFN-γ, TNF-a and IL-17.^[17](#CIT0017)^ Vδ2 T cells infiltrate several types of tumors, such as lung cancer, prostate cancer, melanoma, ovarian cancer, breast cancer, and colon cancer, and could serve as a prognostic factor.^[18](#CIT0018)^ Activated Vδ2 T cells were reported to kill various tumor cells in vitro.^[19](#CIT0019)^ However, several Vδ2 cell-based clinical adoptive immunotherapies for solid tumors have shown limited success.^[20](#CIT0020),[21](#CIT0021)^ Therefore, an investigation is needed to determine why Vδ2 T cells do not effectively kill tumor cells in the solid tumor microenvironment.

As an important member of the B7 superfamily, B7-H3 (also known as CD276) is a type I membrane protein.^[22](#CIT0022)^ The extracellular domain of B7-H3 in mice contains one IgV domain and one IgC domain (2IgB7-H3 isoform), and two identical pairs of domains are found in human B7-H3 (4IgB7-H3 isoform).^[23](#CIT0023),[24](#CIT0024)^ B7-H3 mRNA is broadly expressed by nonlymphoid and lymphoid organs, while the B7-H3 protein is expressed on immune cells, including dendritic cells (DCs), monocytes, natural killer (NK) cells, B cells, and T cells.^[25](#CIT0025)^ B7-H3 was shown to modulate the biological functions of immune cells, including macrophages,^[22](#CIT0022)^ NK cells,^[26](#CIT0026)^ CD4^+^ T cells,^[23](#CIT0023)^ and CD8^+^ T cells,^[23](#CIT0023),[27](#CIT0027)^ and exerted a dual role in regulating the innate and adaptive immune responses.^[22](#CIT0022)^ However, no reports in the literature have addressed the potential contribution of B7-H3 to the regulation of γδ T cells.

In this study, the proportions of B7-H3^+^ γδT cells were distinctly increased in the peripheral blood and tumor tissues of colon cancer patients compared to healthy individuals. Furthermore, we investigated whether and how B7-H3 regulates the features and antitumor effect of γδT cells on colon cancer.

Materials and methods {#S0002}
=====================

Peripheral blood samples and tissue samples from colon cancer patients {#S0002-S2001}
----------------------------------------------------------------------

To analyze the proportions of γδT cells in the peripheral blood of colon cancer patients, heparinized peripheral blood samples were collected from 18 healthy individuals and 49 colon cancer patients at the First Affiliated Hospital of Soochow University. In addition, to analyze the proportions of γδT cells in the tumors tissue of colon cancer patients, 9 pairs of colon cancer tissue samples and neighboring noncancerous tissue samples were obtained from patients who had undergone surgery at the First Affiliated Hospital of Soochow University. Healthy individuals were excluded from colon-related diseases and enrolled as controls. Both healthy individuals and colon cancer patients had no immune diseases. The Institutional Review Board of the First Affiliated Hospital of Soochow University approved the study protocol. Informed consent was obtained from healthy individuals and patients for experimentation. Detailed clinicopathological information is provided in Supplementary Table 1 and Supplementary Table 2.

Analysis of γδT cells in peripheral blood and tissue samples {#S0002-S2002}
------------------------------------------------------------

We collected purified peripheral blood mononuclear cells (PBMCs) from the peripheral blood samples of healthy donors and colon cancer patients by using a Ficoll-Paque (Haoyang Biotec, \#LTS1077) differential density gradient centrifugation process according to the manufacturer's instructions. The proportions of γδT cells in PBMCs were determined by a flow cytometry analyzer (Beckman Coulter, Inc.).

Primary γδT cells were isolated from colon cancer tissue samples and neighboring noncancerous tissue samples by enzymatic digestion.^[28](#CIT0028),[29](#CIT0029)^ Briefly, the tissue samples were stored in a 0.9% aqueous sodium chloride solution (Baxter Healthcare (Shanghai) Co., Ltd., \#A6E1307) at 4°C, washed with PBS (HyClone, \#SH30256.01B), cut into small fragments, and incubated for 2.5 h at 37°C in a 2 mg/mL type IV collagenase (Sigma-Aldrich, \#V900893) solution. After digestion, disaggregated cells were filtered through a 40 μm strainer (SPL Life Sciences Co., Ltd., \#93040) and harvested at 400 g for 5 min. The proportions of γδT cells among the disaggregated cells were determined by a flow cytometry analyzer (Beckman Coulter, Inc.).

Cell separation and culture {#S0002-S2003}
---------------------------

To expand Vδ2 T cells, we cultured PBMCs from healthy donors in Advanced RPMI 1640 medium (Gibco, \#12633012) supplemented with 10% fetal bovine serum (FBS, Gibco, \#10099141), 150 U/mL human recombinant IL-2 (PeproTech, \#200-02), 1% penicillin-streptomycin (Beyotime Biotech, \#C0222), 1% MEM nonessential amino acids (Gibco, \#11140050), 1% l-glutamine (Gibco, \#25030081), 50 μM β-mercaptoethanol (Sigma-Aldrich, \#M3148-25 ml) and 5 μM zoledronate (Abcam, \#ab141980) at a density of 1.5 × 10^6^ cells per milliliter. The culture medium without zoledronate was replenished every 2--3 days. We used flow cytometry to evaluate the status and phenotype of γδT cells and used those data to consider the feasibility of further experiments. If more purified γδT cells were needed, the EasySep^TM^ Human Gamma/Delta T cell Isolation Kit (StemCell Technologies, \#18000) was used according to the manufacturer's instructions. The purity of γδT cells was greater than 95%. For cell transfection with siRNAs, 2 × 10^5^ cells/mL Vδ2 T cells were used in this study. In addition, for cell treatment with anti-human B7-H3 neutralizing antibody MIH35 (eBioscience, \#16-5937-85, isotype: IgG2a) or B7-H3 agonists 4H7 (Suzhou Bright Scistar Biotechnology Co., Ltd., \#XG-ABAB1158, isotype: IgG1), 1.5 × 10^6^ cells/mL Vδ2 T cells were used in the current study.

Tumor cell culture {#S0002-S2004}
------------------

HCT116, RKO, and SW480 human colon cancer cell lines (ATCC, \#CCL-247, \#CRL-2577, \#CCL-228) were cultured in Dulbecco's modified Eagle medium (DMEM, HyClone, \#SH30022.01) containing 10% FBS (Biological Industries, \#04-001-1A) and 1% penicillin-streptomycin (Beyotime Biotech) at 37°C in a humidified atmosphere of 5% CO~2~.

Vδ2 T cell transfection {#S0002-S2005}
-----------------------

Human B7-H3 siRNA (5ʹ-GCUGUCUGUCUGUCUCAUUTT-3ʹ) and corresponding negative control (NC) siRNA were purchased from GenePharma Co., Ltd. (\#A09004). Human T-bet siRNA (5ʹ-CCAAAGGATTCCGGGAGAA-3ʹ) and corresponding NC siRNA were purchased from Guangzhou RiboBio Life Science Co., Ltd. (\#siB111213111548-1-5). Purified Vδ2 T cells (2 × 10^5^ cells/mL) were transfected with B7-H3 siRNA, T-bet siRNA or NC siRNA using Lipofectamine 2000 (Invitrogen, \#11668019) according to the manufacturer's instructions. The transfection efficiency after 48 h of transfection was determined by flow cytometry and Western blotting.

Cell apoptosis assay {#S0002-S2006}
--------------------

The apoptosis of Vδ2 T cells treated with MIH35 (10 μg/mL), 4H7 (10 μg/mL) or B7-H3 siRNA was evaluated using an Annexin-V-PE/7-AAD double staining apoptosis detection kit I (BD Biosciences, \#559763) according to the manufacturer's instructions. Annexin-V^+^/7-AAD^−^ and Annexin-V^+^/7-AAD^+^ cells were considered apoptotic cells.

Proliferation assay {#S0002-S2007}
-------------------

The proliferation of Vδ2 T cells was analyzed by CFSE assay. γδT cells were stained with CFSE (Selleck Chemicals, \#S8269) for 10 min at room temperature and then cultured in 24-well culture plates for 3 days. The proliferation rate of γδT cells was tested by flow cytometry.

Flow cytometry {#S0002-S2008}
--------------

For γδT cell surface staining, γδT cells from PBMCs or tissue samples were incubated with specified mAb at 4°C for 20 min and analyzed by flow cytometry (Beckman Coulter). For intracellular staining, a Fixation/Permeabilization Solution Kit (BD Biosciences, \#554714) was used to treat with γδT cells according to the manufacturer's instructions. All antibodies used for flow cytometry analysis are listed in Supplementary Table 3. For supernatants, a Cytometric Bead Array (CBA) Human Th1/Th2/Th17 Cytokine Kit (BD Biosciences, \#560484) was used to test multiple cytokines (IL-4, IFN-γ, TNF-α, and IL-17) secreted from γδT cells according to the manufacturer's instructions.

ELISA {#S0002-S2009}
-----

The protein levels of human Perforin, Granzyme B, IFN-γ, IL-17, IL-4 or TNF-α in the supernatants of γδ T cells were examined with ELISA Kits (Arigo, \#ARG80173 for Perforin, \#ARG80171 for Granzyme B; NeoBioscience, \#EHC102 g.48 for IFN-γ, \#EHC170.48 for IL-17/IL-17A, \#EHC006.48 for IL-4, \#EHC103a.48 for TNF-α) according to the manufacturer's instructions.

Real-time quantitative PCR (RT-qPCR) {#S0002-S2010}
------------------------------------

Total cellular RNA was isolated by using RNAiso reagent (TaKaRa Bio, \#9109) in accordance with the manufacturer's instructions. In the Biometra TProfessional Standard Gradient Thermocycler (Biometra, \#070-851), cDNA was synthesized with a PrimeScript^TM^ RT Master Mix (TaKaRa Bio, Inc., \#RR036A) according to the manufacturer's instructions. RT-qPCR was performed on a CFX96^TM^ real-time system (Bio-Rad, Model No.\#CFX96^TM^ Optics Module) using SYBR Green Master Mix (Vazyme Biotech Co., Ltd., \#Q121-02) per the manufacturer's procedure. The specific primers used in this study were as follows: T-bet forward and reverse primers: 5′-GGTTGCGGAGACATGCTGA-3′ and 5′-GTAGGCGTAGGCTCCAAGG-3′, respectively; and human β-actin forward and reverse primers: 5′-CATGTACGTTGCTATCCAGGC-3′ and 5′-CTCCTTAATGTCACGCACGAT-3′, respectively. All gene expression was normalized to the level of human β-actin, which was used as an endogenous control.

Western blotting {#S0002-S2011}
----------------

Total protein was extracted from γδT cells and separated by 10% SDS-PAGE as previously described.^[30](#CIT0030)^ The antibodies used for Western blotting in this study were as follows: goat anti-human 4IgB7-H3 antibody (R&D Systems, \#AF1027), rabbit anti-human T-bet/TBX21 antibody (Cell Signaling Technology, \#30009), and mouse anti-human/mouse β-actin (CST, \#3700).

Cytotoxicity assay {#S0002-S2012}
------------------

HCT116, RKO or SW480 cells (Target, T) pretreated with mitomycin (10 µg/mL, Sigma-Aldrich, \#10107409001) were cocultured with Vδ2 T cells (Effector, E) at different E/T ratios in 96-well plates for 24 h. Subsequently, CCK-8 solution (Dojindo, \#CK04) was added to each well and incubated for 4 h, and the optical density (OD) was measured at 450 nm. The cytotoxicity (%) of the Vδ2 T cells against the colon cancer cells was calculated using the following formula:^[28](#CIT0028)^ cytotoxicity (%) = 100 -- 100× \[OD value of Vδ2 T cells and colon cancer cells in combination -- OD value of Vδ2 T cells alone (control)/OD value of colon cancer cells alone (control)\]. In addition, the number and area of Vδ2 T cell cluster after Vδ2 T cell and colon cancer cell coculture were used to evaluate the cytotoxicity of γδT cells as previously described.^[31](#CIT0031)^ Clusters with an area over 300 μm^2^ were counted using ImageJ analysis software (National Institutes of Health). In some cases, the granzyme B inhibitor BCL-2 (1 μg/mL, R&D Systems, \#827-BC-050), the perforin inhibitor concanamycin A (1 μg/mL, CMA, Dalian Meilun Biotechnology Co., Ltd., \#MB0767), human anti-IFN-γ blocking antibody (10 μg/mL, BioLegend, \#502509), recombinant human IFN-γ (0.05 ng/mL, PeproTech, \#300-02-100), or recombinant human granzyme B (1 μg/mL, R&D Systems, \#2906-SE-010) were individually added to the cocultures.

In vivo mouse experiments {#S0002-S2013}
-------------------------

Six-week-old female CB-17 SCID mice were purchased from Shanghai Lab. Animal Research Center (Shanghai, China). All mouse experiments were followed by the institutional guidelines for the use and care of laboratory animals of the Institutional Animal Care and Use Committee of Soochow University (Suzhou, China). 2 × 10^6^ HCT116 cells were suspended in 100 μl PBS and subcutaneously injected into the right flank of each CB-17 SCID mouse. When the tumors were easily palpable, the diameter of each tumor was measured by vernier calipers every 2--3 days. The tumor volume was calculated by the following formula: Volume (mm^3^) = 0.5 × L (mm) × S^2^ (mm^2^), where S and L are the smallest and largest perpendicular tumor diameters, respectively.^[24](#CIT0024)^ At day 14, the tumors had grown to a size of 5--6 mm diameter, mice were randomly distributed into IgG2a, MIH35, γδT+IgG2a and γδT+MIH35 groups (n = 4 per group). IgG2a (4 mg/kg), MIH35 (4 mg/kg), Vδ2 T cells (1 × 10^7^)+IgG2a (4 mg/kg) or Vδ2 T cells (1 × 10^7^) +MIH35 (4 mg/kg) were administered via tail-vein injection every week, respectively. On day 28, all the mice were sacrificed. Then the tumor tissues were peeled off from each tumor-bearing mouse and weighed.

To investigate the anti-tumor effect of Vδ2 T cells in vivo, mice were injected via tail-vein with either Vδ2 T cells (1 × 10^7^)+IgG2a (4 mg/kg) or Vδ2 T cells (1 × 10^7^) +MIH35 (4 mg/kg). On days 1 following injection, blood samples and xenograft tumor samples were obtained from each group (n = 3). The proportions of IFN-γ+, Granzyme B+ and TNF-α+ γδT cells in mouse blood samples and xenograft tumor samples were analyzed by flow cytometry.

Statistical analysis {#S0003}
====================

All statistical analysis was performed by GraphPad Prism 7.0. Two-tailed Student's t-test was used to compare the significance of differences between the two groups. A one-way ANOVA test was used for multiple comparisons. Pearson correlation was performed to assess the correlation analysis of clinical data. All values are presented as the mean ± SD or SEM. Each experiment was repeated at least three times. \*p \< .05; \*\*p \< .01; \*\*\*p \< .001 was considered statistically signiﬁcant.

Results {#S0004}
=======

γδT cells were reduced in CC patients {#S0004-S2001}
-------------------------------------

To determine the relationship between γδT cells and colon cancer, we detected the proportions of peripheral circulating γδT cells in healthy donors (n = 18) and colon patients (n = 49) by flow cytometry. Compared with healthy donors, the proportions of γδT cells were obviously reduced in the PBMCs of patients with colon cancer ([Figure 1A](#F0001)). In addition, the proportions of infiltrating γδT cells were lower in tumor areas than in neighboring noncancerous areas in colon cancer patients (n = 9) ([Figure 1B](#F0001)). These results suggested that γδ T cells exert a protective effect against the development of colon cancer.10.1080/2162402X.2020.1748991-F0001Figure 1.The percentages of B7-H3^+^ γδT cells were increased in peripheral blood and tumor tissue samples from colon cancer patients.(A) The percentages of γδT cells in the peripheral blood of healthy donors (HC, n = 18) and colon cancer patients (CC, n = 49) were tested by flow cytometry. (B) The percentage of infiltrating γδT cells in neighboring noncancerous tissue (NAT) samples and tumor (CC) tissue samples from colon cancer patients (n = 9) were analyzed by flow cytometry. (C) The expression of five costimulatory molecules (Trem-1, B7-H3, PD-1, PD-L1, and Tim-3) on γδT cells in the peripheral blood of colon cancer patients (n = 23) was analyzed by flow cytometry. (D) The proportions of B7-H3^+^ γδT cells in the peripheral blood of healthy donors (HC, n = 18) and colon cancer patients (CC, n = 49) were detected by flow cytometry. (E) The proportions of B7-H3^+^ γδT cells in neighboring noncancerous tissue (NAT) areas and tumor (CC) areas from colon cancer patients (n = 9) were detected by flow cytometry. Representative flow cytometry images were shown. Values are expressed as means ± SEMs. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.

B7-H3^+^ γδT cells were increased in CC patients {#S0004-S2002}
------------------------------------------------

Given that immune checkpoint molecules can control the biological functions of immune cells, including γδ T cells, in cancers,^[32](#CIT0032),[33](#CIT0033)^ we detected the levels of a series of immune checkpoint molecules (Trem-1, B7-H3, PD-1, PD-L1, and Tim-3) on peripheral circulating γδT cells in colon patients (n = 23). The expression of B7-H3 on γδT cells was obviously increased compared to other molecules ([Figure 1C](#F0001)), suggesting that B7-H3 is involved in the regulation of γδT cells. Next, we detected the proportions of B7-H3^+^ γδT cells in both the peripheral blood and tumor areas of colon cancer patients. The proportions of B7-H3^+^ γδT cells in the peripheral blood of colon cancer patients were higher than those in healthy donors ([Figure 1D](#F0001)). Furthermore, the proportions of B7-H3^+^ γδT cells in the tumor areas of colon cancer patients were distinctly increased compared to neighboring noncancerous areas ([Figure 1E](#F0001)). These data demonstrated that B7-H3 might have a key role in regulating the biological function of γδT cells in colon cancer.

Effect of B7-H3 on Vδ2 T cell proliferation, apoptosis, and activation marker expression {#S0004-S2003}
----------------------------------------------------------------------------------------

To assess the effect of B7-H3 on Vδ2 T cell proliferation, apoptosis, and activation marker expression, anti-human B7-H3 neutralizing antibody MIH35, B7-H3 siRNA or B7-H3 agonist 4H7 was used to treat Vδ2 T cells in vitro. MIH35 or B7-H3 siRNA treatment obviously reduced the proportions of B7-H3^+^ Vδ2 T cells (Supplementary Figure 1A and B), while 4H7 treatment increased the proportions of B7-H3^+^ Vδ2 T cells (Supplementary Fig. 1C). Both MIH35 and B7-H3 siRNA treatment significantly increased Vδ2 T cell activity ([Figure 2A](#F0002) and [B](#F0002), Supplementary Fig. 2A and B), whereas 4H7 treatment suppressed Vδ2 T cell activity ([Figure 2C](#F0002), Supplementary Fig. 2 C). In vitro apoptosis experiments showed that both MIH35 treatment and B7-H3 siRNA transfection significantly decreased, while 4H7 treatment markedly increased the apoptosis rate of Vδ2 T cells ([Figure 2D--F](#F0002), Supplementary Fig. 2 D-F). Furthermore, the expression of activation markers CD25 and CD69 on Vδ2 T cells after treatment with MIH35, B7-H3 siRNA or 4H7 was analyzed. The expression of CD25 and CD69 was markedly increased on Vδ2 T cells after MIH35 or B7-H3 siRNA treatment ([Figure 2G](#F0002) and [H](#F0002), Supplementary Fig. 2 G and H). In contrast, 4H7 treatment decreased the expression of CD25 and CD69 by Vδ2 T cells ([Figure 2I](#F0002), Supplementary Fig. 2I).10.1080/2162402X.2020.1748991-F0002Figure 2.The effect of B7-H3 on the proliferation and apoptosis of Vδ2 T cells and activation marker expression on Vδ2 T cells.(A-C) The proliferation of Vδ2 T cells treated with MIH35 (A), B7-H3 siRNA (B) or 4H7 (C) was determined by CFSE. (D-F) The apoptosis of Vδ2 T cells treated with MIH35 (D), B7-H3 siRNA (E) or 4H7 (F) was examined using Annexin V/7-AAD double staining. (G-I) The expression of CD25 and CD69 on Vδ2 T cells treated with MIH35 (G), B7-H3 siRNA (H) or 4H7 (I) was analyzed by flow cytometry. Values are expressed as means ± SD. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.

B7-H3 suppressed IFN-γ expression by Vδ2 T cells {#S0004-S2004}
------------------------------------------------

To confirm the effect of B7-H3 on cytokine expression by Vδ2 T cells, ELISA assay and CBA assay were performed to detect the level of IL-4, IL-17, IFN-γ, and TNF-α. The results of ELISA assay and CBA assay showed that the expression of IFN-γ was signiﬁcantly upregulated in Vδ2 T cells upon their treatment with MIH35 or B7-H3 siRNA ([Figure 3A](#F0003) and [B](#F0003), Supplementary Fig. 3A), while it was obviously downregulated in Vδ2 T cells after treatment with 4H7 ([Figure 3C](#F0003), Supplementary Fig. 3B). Furthermore, intracellular IFN-γ levels in Vδ2 T cells were detected by flow cytometry, which indicated that both MIH35 and B7-H3 siRNA treatment significantly increased, while 4H7 treatment markedly decreased the proportions of IFN-γ^+^ Vδ2 T cells ([Figure 3D--F](#F0003), Supplementary Fig. 3 C-E). In addition, the levels of IFN-γ^+^ γδT cells were lower in the peripheral blood of cancer patients (n = 49) than in the peripheral blood of healthy donors (n = 18) ([Figure 3G](#F0003)). Additionally, the proportions of IFN-γ^+^ γδT cells were obviously decreased in tumor areas compared with neighboring noncancerous areas (n = 9) ([Figure 3H](#F0003)). Moreover, the proportions of B7-H3^+^ γδT cells were negatively correlated with the levels of IFN-γ^+^ γδT cells in the peripheral blood (n = 49) and cancer tissues (n = 9) of colon cancer patients ([Figure 3I](#F0003) and [J](#F0003)). These results suggested that B7-H3 mainly regulates IFN-γ expression in Vδ2 T cells.10.1080/2162402X.2020.1748991-F0003Figure 3.B7-H3 suppressed the production of IFN-γ in Vδ2 T cells via inhibiting T-bet.(A-C) The levels of IFN-γ, IL-17A, IL-4, and TNF-α in Vδ2 T cells treated with MIH35 (A), B7-H3 siRNA (B) or 4H7 (C) were detected with ELISA assay. (D-F) The proportions of IFN-γ^+^ Vδ2 T cells among Vδ2 T cells treated with MIH35 (D), B7-H3 siRNA (E) or 4H7 (F) were analyzed by flow cytometry. (G) The percentages of IFN-γ^+^ γδT cells in the peripheral blood of healthy donors (HC, n = 18) and colon cancer patients (CC, n = 49) were detected by flow cytometry. A representative image is shown. (H) The percentages of IFN-γ^+^ γδT cells in neighboring noncancerous tissue (NAT) areas and tumor (CC) areas from colon cancer patients (n = 9) were detected by flow cytometry. A representative image was shown. (I) The correlation between the expression of B7-H3 and IFN-γ on γδT cells in the peripheral blood of colon cancer patients (CC, n = 49). (J) The correlation between the expression of B7-H3 and IFN-γ on the infiltrating γδT cells in the tumor tissue samples of colon cancer patients (n = 9). (K, L) The mRNA levels of T-bet in Vδ2 T cells treated with B7-H3 siRNA (K) or 4H7 (L) were detected by RT-qPCR. (M) The protein levels of B7-H3 and T-bet in Vδ2 T cells treated with B7-H3 siRNA and T-bet siRNA were detected by Western blotting. (N) The proportions of IFN-γ^+^ γδT cells in Vδ2 T cells treated with B7-H3 siRNA and T-bet siRNA were analyzed by flow cytometry. The values are expressed as means ± SD. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.

Previous studies have shown that T-bet, the main T-box transcription factor, is involved in regulating the expression of IFN-γ in immune cells.^[34](#CIT0034),[35](#CIT0035)^ Importantly, T-bet is expressed by γδT cells.^[36](#CIT0036)^ Therefore, we hypothesized that the B7-H3-mediated inhibition of IFN-γ is T-bet dependent. RT-qPCR showed that B7-H3 siRNA treatment significantly increased, while 4H7 treatment markedly decreased the expression of T-bet in Vδ2 T cells ([Figure 3K](#F0003) and [L](#F0003)). Additionally, the T-bet protein level was obviously increased in Vδ2 T cells treated with B7-H3 siRNA ([Figure 3M](#F0003)). Moreover, T-bet siRNA, which significantly reduced T-bet protein expression, abrogated the B7-H3 siRNA-induced increase in the proportions of IFN-γ^+^ Vδ2 T cells ([Figure 3M](#F0003) and [N](#F0003), Supplementary Fig. 3 F). These results indicate that B7-H3 can suppress IFN-γ expression by inhibiting the expression of T-bet in Vδ2 T cells.

B7-H3 inhibited the cytotoxic activity of Vδ2 T cells against colon cancer cells {#S0004-S2005}
--------------------------------------------------------------------------------

To investigate the impact of B7-H3 on Vδ2 T cell cytotoxic potential, Vδ2 T cells treated with MIH35, B7-H3 siRNA or 4H7 were cocultured with different colon cancer cells (HCT116, RKO, and SW480 cells) at E/T ratios of 1:1, 20:1, and 40:1. Both MIH35 and B7-H3 siRNA treatment significantly enhanced, while 4H7 treatment markedly suppressed the cytotoxic effect of Vδ2 T cells against colon cancer cell lines (HCT116 and RKO) at E/T ratios of 20:1 and 40:1 ([Figure 4A](#F0004) and [B](#F0004), Supplementary Fig. 4A). Previous research has shown that the number and area of Vδ2 T cell clusters are effective indexes for estimating cytotoxic capacity.^[31](#CIT0031)^ Herein, Vδ2 T cells treated with MIH35 or B7-H3 siRNA formed more and larger clusters surrounding HCT116 and RKO cells than Vδ2 T cells treated with IgG2a or siRNA negative control ([Figure 4C](#F0004) and [D](#F0004), Supplementary Fig. 4B and C), while Vδ2 T cells treated with 4H7 clearly displayed the opposite effects ([Figure 4E](#F0004) and [F](#F0004)). In addition, B7-H3 siRNA treatment promoted, whereas 4H7 treatment suppressed the cytotoxic activity of Vδ2 T cells against SW480 cells (Supplementary Fig. 4D-G).10.1080/2162402X.2020.1748991-F0004Figure 4.B7-H3 inhibited the antitumor cytotoxic potential of Vδ2 T cells.(A) The cytotoxicity of Vδ2 T cells (effector cells, E) pretreated with MIH35 or IgG2a against HCT116 or RKO cells (target cells, T) at different E/T ratios was analyzed by CCK-8 assay. (B) The cytotoxicity of Vδ2 T cells (effector cells, E) pretreated with 4H7 or IgG1 against HCT116 or RKO cells (target cells, T) at different E/T ratios was analyzed by CCK-8 assay. (C, D) Representative images showing that MIH35 treatment increased the clustering of Vδ2 T cells around HCT116 (C) and RKO (D) cells (original magnification □ 40×). The number (NO.) and size (area) of the Vδ2 T cell clusters analyzed are shown. (E, F) Representative images showing that 4H7 treatment decreased the clustering by Vδ2 T cells around HCT116 (E) and RKO (F) cells (original magnification □ 40×). The number (NO.) and size (area) of the Vδ2 T cell clusters analyzed are shown. Values are expressed as means ± SD. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.

B7-H3 suppressed Vδ2 T cell cytotoxicity via controlling IFN-γ {#S0004-S2006}
--------------------------------------------------------------

One of the multiple mechanisms by which Vδ2 T cells kill tumor targets is through proinflammatory cytokines, such as IFN-γ. Anti-IFN-γ monoclonal antibody (IFN-γ mAb) and recombinant human IFN-γ were used to determine whether IFN-γ is essential for the B7-H3-mediated inhibition of Vδ2 T cell cytotoxicity. As shown in [Figure 5A](#F0005), IFN-γ mAb reversed the B7-H3 knockdown-induced increase in Vδ2 T cell cytotoxicity against HCT116 and RKO cells, whereas recombinant human IFN-γ abrogated the inhibitory effect of 4H7 treatment on the cytotoxicity of Vδ2 T cells against HCT116 and RKO cells ([Figure 5B](#F0005)). These results were confirmed in parallel by Vδ2 T cell cluster analysis ([Figure 5C--F](#F0005), Supplementary Fig. 5A-D).10.1080/2162402X.2020.1748991-F0005Figure 5.B7-H3 inhibited the cytotoxic effect of Vδ2 T cells against colon cancer cells by inhibiting IFN-γ.(A) The cytotoxicity of Vδ2 T cells pretreated with B7-H3 siRNA and IFN-γ mAb against HCT116 or RKO cells was analyzed by CCK-8 assay. (B) The cytotoxicity of Vδ2 T cells pretreated with 4H7 and recombinant IFN-γ against HCT116 or RKO cells was analyzed by CCK-8 assay. (C, D) The number (NO.) and size (area) of clusters of Vδ2 T cells pretreated with B7-H3 siRNA and IFN-γ mAb around HCT116 (C) and RKO (D) cells. (E, F) The number (NO.) and size (area) of clusters of Vδ2 T cells pretreated with 4H7 and recombinant IFN-γ around HCT116 (E) and RKO (F) cells. Values are expressed as means ± SD. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.

B7-H3 inhibited the killing functions of Vδ2 T cells via the perforin/granzyme pathway {#S0004-S2007}
--------------------------------------------------------------------------------------

A growing body of evidence indicates that activated γδ T cells exert cytotoxic effects against tumor cells through the granzyme B/perforin pathway.^[37](#CIT0037)^ We further explored whether the role of B7-H3 in modulating the cytotoxic potential of Vδ2 T cells is perforin/granzyme B pathway-dependent. ELISA showed that the expression levels of perforin and granzyme B were significantly increased in Vδ2 T cells after B7-H3 siRNA treatment ([Figure 6A](#F0006)). Treatment with CMA, a V-H^+^-ATPase inhibitor that blocks perforin release, reversed the B7-H3 knockdown-induced increase in the killing functions of Vδ2 T cells ([Figure 6B](#F0006)--[D](#F0006), Supplementary Fig. 6A and B). Furthermore, BCL-2, a granzyme B inhibitor, also abrogated this effect ([Figure 6B](#F0006)--[D](#F0006), Supplementary Fig. 6A and B). Meanwhile, 4H7 treatment obviously downregulated the expression of perforin and granzyme B in Vδ2 T cells ([Figure 6E](#F0006)). Moreover, the addition of recombinant human granzyme B significantly rescued the impaired antitumor ability of Vδ2 T cells stimulated with 4H7 ([figure 6F--H](#F0006), Supplementary Fig. 6 C and D).10.1080/2162402X.2020.1748991-F0006Figure 6.B7-H3 suppressed the cytotoxic effect of Vδ2 T cells against colon cancer cells by downregulating the perforin and granzyme pathway.(A) The protein levels of perforin and granzyme B in Vδ2 T cells treated with B7-H3 siRNA or NC siRNA were detected by ELISA. (B) The cytotoxicity of Vδ2 T cells pretreated with B7-H3 siRNA and CMA or BCL-2 against HCT116 or RKO cells was analyzed by CCK-8 assay. (C, D) The number (NO.) and size (area) of clusters of Vδ2 T cells pretreated with B7-H3 siRNA and CMA or BCL-2 around HCT116 (C) and RKO (D) cells. (E) The protein levels of perforin and granzyme B in Vδ2 T cells treated with 4H7 or IgG were detected by ELISA. (F) The cytotoxicity of Vδ2 T cells pretreated with 4H7 and recombinant granzyme B (GZMB) against HCT116 or RKO cells was analyzed by CCK-8 assay. (G, H) The number (NO.) and size (area) of clusters of Vδ2 T cells pretreated with 4H7 and recombinant granzyme B (GZMB) around HCT116 (G) and RKO (H) cells. Values are expressed as means ± SD. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.

Blocking the B7-H3 function enhanced the cytotoxicity of Vδ2 T cells in vivo {#S0004-S2008}
----------------------------------------------------------------------------

To assess the effect of B7-H3 on the antitumor activity of Vδ2 T cells in vivo, SCID mice were used to establish subcutaneous colon cancer tumors with HCT116 cells, and Vδ2 T cells or MIH35 was administered at different time-points ([Figure 7A](#F0007)). The tumor sizes, images, and weight indicated that the treatment of Vδ2 T cells could obviously inhibit the tumor growth as compared with IgG2a or MIH35 treatment ([Figure 7B--D](#F0007)). More importantly, co-treatment with Vδ2 T cells and MIH35 had a more inhibitory effect on the tumor growth than Vδ2 T cells and IgG2a co-treatment ([Figure 7B--D](#F0007)). Moreover, co-treatment with Vδ2 T cells and MIH35 significantly increased the proportions of IFN-γ+, Granzyme B+ and TNF-α+ γδT cells in the mouse PBMCs and xenograft tumor tissues as compared with Vδ2 T cells and IgG2a co-treatment ([Figure 7E](#F0007) and [F](#F0007), Supplementary Fig. 7A and B).10.1080/2162402X.2020.1748991-F0007Figure 7.B7-H3 blockade promoted the anti-tumor ability of γδT cells in vivo.Schematic overview of the xenograft tumor model and Vδ2 T cells or MIH35 treatment. (B) The volumes of HCT116 tumors in SCID mice following Vδ2 T cells or MIH35 treatment. (C) The representative images of HCT116 tumors in SCID mice following Vδ2 T cells or MIH35 treatment. (D) The weights of HCT116 tumors in SCID mice following Vδ2 T cells or MIH35 treatment. (E) The proportions of IFN-γ^+^, Granzyme B^+^ and TNF-α^+^ γδT cells among infiltrating γδT cells in xenograft tumor tissue of tumor-bearing mice after treatment with Vδ2 T cells or MIH35. (F) The proportions of IFN-γ^+^, Granzyme B^+^ and TNF-α^+^ γδT cells among γδT cells in the peripheral blood of tumor-bearing mice after treatment with Vδ2 T cells or MIH35. Values are expressed as means ± SD. \*p \< .05, \*\*p \< .01, \*\*\*p \< .001.

Discussion {#S0005}
==========

We focused our research on the regulatory effects of B7-H3 on the antitumor activities of Vδ2 T cells in the current study. B7-H3 can control the activities of multiple types of immune cells, such as cytotoxic T lymphocytes and NK cells.^[26](#CIT0026),[27](#CIT0027)^ B7-H3 inhibition increased the cytotoxic function of NK and CD8^+^ T cells and reduced the growth of multiple tumors in mouse models.^[27](#CIT0027)^ In addition, a novel anti-CD3 × anti-B7-H3 bispecific antibody increased the cytotoxic effect of activated T cells against tumor cells and promoted IFN-γ, TNF-α and IL-2 secretion.^[38](#CIT0038)^ In this study, much more B7-H3 was expressed than other immune checkpoint molecules (Trem-1, PD-1, PD-L1, and Tim-3) on peripheral circulating γδT cells from colon patients. Although the proportions of γδT cells were obviously reduced in the PBMCs and tumor areas of patients with colon cancer, the proportions of B7-H3^+^ γδT cells was distinctly increased in colon cancer patients. These results suggested that B7-H3 serves as an important negative immune checkpoint molecule that regulates the activity and biological function of γδT cells in colon cancer.

Previous investigations showed that Vδ2 T cells, the most common subset of γδT cells among PBMCs, could be activated and expanded in vitro after combination treatment with zoledronic acid and IL-2.^[39](#CIT0039),[40](#CIT0040)^ A growing number of studies have revealed that multiple immune checkpoint molecules or cytokines are involved in regulating the activation and expansion of Vδ2 T cells exposed to phosphoantigens and IL-2. For instance, PD-1/PD-L1 signaling blockade influenced the cytotoxicity and cytokine production of γδT cells in response to leukemia cells.^[33](#CIT0033)^ Julie et al. noted that the BTLA-HVEM interaction negatively regulated the phosphoantigen-mediated proliferation of Vδ2 T cells.^[41](#CIT0041)^ Furthermore, Vδ2 T cells that underwent triple stimulation with CD80, 4-1BB, and CD83 ligand showed long-term growth in low levels of IL-2 and displayed potent cytotoxic activities against tumor cells.^[42](#CIT0042)^ Additionally, TGF-β signaling augmented the cytotoxic effector activity and expression of CD54, CD103, IFN-γ, IL-9 and granzyme B in γδ T cells in the presence of IL-2 or IL-15.^[43](#CIT0043)^ In our current study, Vδ2 T cells treated with MIH35, a speciﬁc blocking antibody for B7-H3, or B7-H3 siRNA showed increased cellular activity, decreased apoptosis rates, and upregulated expression of the activation markers CD25 and CD69 in the presence of IL-2 and zoledronic acid. In contrast, B7-H3 agonist 4H7 treatment had the opposite effect. These results indicate that B7-H3 negatively impacts the biology of Vδ2 T cells.

IFN-γ signaling has been associated with antitumor immune responses via direct and indirect mechanisms.^[44](#CIT0044)^ Previous studies certified that B7-H3 signaling mediated the expression of IFN-γ in immune cells and affected the biological function of immune cells. Chapoval et al. reported that B7-H3 could selectively stimulate the expression of IFN-γ in T cells in the presence of T cell receptor signaling.^[23](#CIT0023)^ In contrast, bronchoalveolar lavage fluid from B7-H3-deficient mice contained higher IFN-γ concentrations than that from control mice.^[45](#CIT0045)^ In addition, soluble B7-H3 could block IL-2 and IFN-γ secretion from allogeneic T cells and further inhibit the allostimulatory capability of DCs.^[46](#CIT0046)^ Herein, we performed the ELISA assay and CBA assay to investigate the effect of B7-H3 on the cytokine profile of Vδ2 T cells and found that B7-H3 inhibited the production of IFN-γ in Vδ2 T cells. An intracellular IFN-γ assay also demonstrated this result. More importantly, there was a negative correlation between the proportions of B7-H3^+^ γδT cells and the levels of IFN-γ^+^ γδT cells in both the peripheral blood and cancer tissues of colon cancer patients. T-bet is involved in regulating the expression of IFN-γ in immune cells, such as CD4^+^ T cells and NK cells.^[34](#CIT0034),[35](#CIT0035)^ We, therefore, assumed that the B7-H3-mediated inhibition of IFN-γ is T-bet-dependent. Our results indicated that B7-H3 negatively controlled T-bet expression in Vδ2 T cells. Moreover, T-bet siRNA abrogated the B7-H3 siRNA-induced increase in the proportions of IFN-γ^+^ Vδ2 T cells. These results suggest that B7-H3 suppresses IFN-γ expression via T-bet in Vδ2 T cells.

Various studies have indicated that ex vivo expanded Vδ2 T cells have cytotoxic effects on hematological and nonhematological malignancies. Ex vivo cultured γδT cells from the blood cells of patients with myeloma and lymphoma were able to kill tumor cells.^[47](#CIT0047)^ The in vitro expansion of Vδ2 T cells activated by bisphosphonate zoledronate substantially increased antitumor activities against human colon cancer stem cells.^[48](#CIT0048)^ However, cancer immunotherapy based on γδ T cells had only modest clinical results.^[49](#CIT0049)^ One of the reasons for these modest results could be the emergence of immune escape mechanisms. For instance, PD-1 was shown to be expressed by most follicular lymphoma-infiltrating γδ T cells and impair the antibody-dependent cellular cytotoxicity (ADCC) capacity of γδ T cells.^[50](#CIT0050)^ The checkpoint molecule Tim-3 limited the expansion of Vδ2 T cells following their culture with IL-21.^[51](#CIT0051)^ The targeting of BTN3A molecules with anti-BTN3A 20.1 monoclonal antibodies (mAbs) strongly enhanced the cytolytic functions of Vδ2 T cells against pancreatic ductal adenocarcinoma.^[52](#CIT0052)^ In this study, both MIH35 and B7-H3 siRNA treatment significantly enhanced, while 4H7 treatment markedly suppressed the cytotoxic effect of Vδ2 T cells on colon cancer cell lines. Furthermore, blocking the B7-H3 function by MIH35 could significantly enhance the cytotoxicity of γδT cells in vivo. These ﬁndings clearly demonstrate the important inhibitory effect of B7-H3 on the cytotoxicity of γδT cells against colon cancer cells.

The antitumor effect of γδ T cells against tumor cells is largely achieved via several pathways, including pro-inflammatory cytokine (e.g., IFN-γ, TNF-α, and IL-4) secretion,^[53](#CIT0053)^ the apoptosis-inducing protein-ligand Fas-FasL pathway,^[37](#CIT0037)^ granzyme B and/or perforin production,^[54](#CIT0054)^ and antibody-dependent cellular cytotoxicity.^[37](#CIT0037)^ Given that B7-H3 suppressed IFN-γ expression in Vδ2 T cells, we determined whether IFN-γ is key for the inhibitory effect of B7-H3 on the cytotoxic effect of Vδ2 T cells on colon cancer cell lines. IFN-γ mAb reversed the B7-H3 knockdown-induced increase in Vδ2 T cell cytotoxicity against colon cancer cells, whereas recombinant human IFN-γ abrogated the inhibitory effect of 4H7 treatment on the cytotoxicity of Vδ2 T cells against colon cancer cells. In addition, we further investigated whether the role of B7-H3 in modulating the cytotoxicity potential of Vδ2 T cells is perforin/granzyme B pathway-dependent. B7-H3 negatively regulated the expression of perforin and granzyme B in Vδ2 T cells. Moreover, CMA or BCL-2 treatment reversed the B7-H3 knockdown-induced increase in the killing functions of Vδ2 T cells. Recombinant human granzyme B addition significantly rescued the impaired antitumor ability of Vδ2 T cells stimulated with 4H7. These results are consistent with earlier observations in follicular lymphoma; anti-CD20 monoclonal antibody dramatically enhanced the cytotoxic effect of Vδ2 T cells against tumor cells by upregulating perforin/granzyme and IFN-γ secretion.^[55](#CIT0055)^ These results indicate that B7-H3 contributes to the inhibition of Vδ2 T cell cytotoxicity via the downregulation of IFN-γ and perforin/granzyme B expression ([Figure 8](#F0008)).10.1080/2162402X.2020.1748991-F0008Figure 8.Outlined mechanism underlying B7-H3 regulating γδ T cells killing colon cancer cells.

Taken together, the results of the present study demonstrated that B7-H3 negatively impacts the proliferation, activation, and IFN-γ production of Vδ2 T cells. Moreover, B7-H3 mediates the inhibition of Vδ2 T cell cytotoxicity via the downregulation of IFN-γ and perforin/granzyme B expression. Hence, Vδ2 T cells combined with inhibiting or blocking B7-H3 represents a potential immunotherapeutic approach for colon cancer.
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